Abstract: Drug hypersensitivity reactions have multiple implications for patient safety and health system costs, thus it is important to perform an accurate diagnosis. The diagnostic procedure includes a detailed clinical history, often unreliable; followed by skin tests, sometimes with low sensitivity or unavailable; and drug provocation testing, which is not risk-free for the patient, especially in severe reactions. In vitro tests could help to identify correctly the responsible agent, thus improving the diagnosis of these reactions, helping the physician to find safe alternatives, and reducing the need to perform drug provocation testing. However, it is necessary to confirm the sensitivity, specificity, negative and positive predictive values for these in vitro tests to enable their implementation in clinical practice. In this review, we have analyzed these parameters from different studies that have used in vitro test for evaluating drug hypersensitivity reactions and estimated the added value of these tests to the in vivo diagnosis.
Introduction
Drug hypersensitivity reactions (DHR) represent 5-10% of all adverse drug reactions [1] . Longer inpatient stays and higher rates of hospital associated infections have been reported for antibiotic allergic patients [2] . These reactions have multiple implications for patient safety and health system costs, often requiring alternative drugs to be prescribed; these alternative drugs may be less effective, more toxic and more expensive; moreover, in the case of antibiotics, this can augment the development of bacterial resistance [2] . For these reasons, it is important to establish an accurate diagnosis of DHRs, and to avoid labeling tolerant individuals as allergic. However, it is just as important to correctly identify the responsible agent and find safe alternatives to avoid serious problems due to reactions. This is particularly important for severe DHR such as anaphylaxis, Steven-Johnson Syndrome (SJS) and Toxic Epidermal Necrolysis (TEN).
Although in theory drugs can induce the four types of reaction proposed in the Coombs and Gell classification [3] , types I and IV are the most frequent. Type I or immediate DHR (IDHR) are mediated by drug specific IgE (sIgE) antibodies attached to high-affinity IgE receptors, FcεRI, on mast cells or basophils, inducing release of mediators that lead to the reaction [3] . Type IV or non-immediate DHR Int. J. Mol. Sci. 2017, 18, 1222 3 of 20 identified several unmet needs from which they highlighted the necessity to confirm the sensitivity, specificity, NPV and PPV for these in vitro tests. Such data are crucial to enable the implementation of in vitro testing in clinical practice, in order to reduce the need to perform DPT.
In this review, we have analyzed sensitivity and specificity as well as positive predictive value (PPV) and negative predictive value (NPV). Where possible, we have calculated these values using the data given in the studies. In total, we have obtained values from 60 publications, selecting studies that used in vitro test for evaluating DHR, for at least five patients. We have also estimated the added value of these tests to the in vivo diagnosis, paying special attention to how they can lead to increased ST sensitivity, avoiding the need to perform DPT.
IgE-Mediated Reactions
The main goal of in vitro tests for these types of reaction is the determination of drug/drug metabolite sIgE, either soluble in serum, or bound to the basophil surface. However, since sIgE and especially drug sIgE are found at a very low concentration in the blood [13] , these in vitro methods must be highly sensitive. Another important issue is the need for different drugs to bind covalently to a carrier protein such as a hapten; this is required for a drug to induce an immune response. It is therefore important that the test includes the correct carrier molecules for appropriate IgE recognition [14, 15] . All these factors are critical for in vitro test development.
The most frequent methods to evaluate IDHR are immunoassays (radioimmunoassays and fluorimmunoassays) and tests based on basophil activation (BAT).
Immunoassays
"Immunoassays" refers to a group of techniques that are based on the quantification of drug-sIgE present in patient sera. For this, the drug is conjugated to a carrier and coupled to a solid phase which is incubated with patient serum. If present, sIgE in the sera recognizes the drug, forming a drug-carrier-antibody complex which is quantified using a secondary anti-human IgE antibody labeled with a radioisotope (RIA) or a fluorescent enzyme (FEIA) [11] . RIA is generally conducted using in house techniques, such as the radioallergosorbent test (RAST); FEIA can be performed using commercial products, such as the ImmunoCAP-FEIA, although such products are only available for few drugs [16, 17] .
The majority of studies for evaluating the value of immunoassays for diagnosing IDHR have been performed with BLs [13, 15, 16, [18] [19] [20] [21] [22] and neuromuscular blocking agents (NMBAs) [23] [24] [25] [26] [27] [28] [29] , although a handful of studies have been carried out on other drugs, including chlorhexidine [30] , quinolones [31, 32] and biological agents [33] [34] [35] [36] . Many of these studies have included large numbers of allergic patients and controls, allowing us to estimate the sensitivity, specificity, PPV and NPV (Table 1) . Overall, we have calculated an average sensitivity of 62.9%, specificity of 89.2% and a PPV and NPV of 83.3% and 77.8%, respectively. In our opinion this sensitivity value is sub-optimal for clinical diagnosis, especially for BLs and no-BLs antibiotics. Moreover, NPV, the most useful parameter to decide whether to perform a DPT, is also relatively low [37] . Interestingly, immunoassays show higher results for NMBAs, with sensitivity of 79.3%, specificity of 92.2% and PPV and NPV of 91.3% and 83.3%, respectively. Regarding biological agents, although the global sensitivity is low (48.2%), immunoassays show a high specificity (92.5%) and NPV (83.6%). 
Basophil Activation Test
This test is based on the determination of basophil activation or degranulation markers after drug stimulation using flow cytometry [17, 38] . Compared with the determination of sIgE by immunoassays, BAT analysis is used to demonstrate a functional response [37] . BAT has been shown to be useful as an additional test for the diagnosis of DHR, especially for those cases where there are no other diagnostic tool available besides DPT. Basophils can be detected using a single cell marker, such as anti-IgE, CCR3, CRTH2, or CD203c, or a combination of several. Activation is usually assessed by determining the expression of CD63 or CD203c on the basophil surface [37] . It is important to take into account that differences have been found in the upregulation of both markers depending on the drug tested and the clinical entity [39, 40] . When evaluating DHR using BAT, the possibility of activating basophils by a non-IgE-mediated mechanism exist, thus the involvement of the FcεRI-mediated pathway should be confirmed by inhibition with PI3Kinase inhibitors such as wortmannin [32, 41] .
As for immunoassays, multiple studies with BAT using reasonable numbers of patients have been performed for BLs [18, 19, 39, [42] [43] [44] [45] and NMBAs [24, 25, [46] [47] [48] [49] [50] [51] . Additional studies have been performed for fluoroquinolones (FQs) [31, 40, 52, 53] , pyrazolones [54] [55] [56] and RCM [57, 58] (Table 2 ). The analyses of these studies, taken together, show an average sensitivity of 59.4%, specificity of 94.6% and PPV and NPV of 93.4% and 66.3%, respectively. Sensitivity and specificity are relatively similar for the different drugs, ranging from 51.7% to 66.9% and 89.2% to 97.8%, respectively. The lowest values of sensitivity and NPV have been found for BLs, being 51.7% and 49.9%, respectively. On the contrary, the highest sensitivity and NPV values were found for IDHR to FQs, 64.4% and 68.1%, respectively, and NMBAs, 66.9% and 72.1% respectively. 
Combining In Vitro Tests for Evaluating Immediate Drug Hypersensitivity Reactions (IDHR)
Several studies have performed both tests, immunoassays and BAT, for BLs [18, 42, 44, 59] , FQs [31] and NMBAs [24, 25] . We have used the data from these studies to estimate the diagnostic value obtained by combining the results of both tests. We found an overall mean in vitro sensitivity of 69.9% (Figure 1 ). Combining immunoassay + BAT results according to the culprit drug showed an increase in sensitivity of around 20%, for both BLs and NMBAs, compared to using only one test. In the only study performed in FQs, the inclusion of RIA had little effect compared to the results obtained with BAT alone (Figure 2a) . The specificity of the combined in vitro tests was 90.9% which is in the range of the mean specificity of individual tests (89.2-94.6%). 
Combining In Vitro and In Vivo Tests for Evaluating IDHR
We evaluated the sensitivity obtained when combining the results of both in vivo and in vitro tests, using studies that included ST data. We observed an increase from 65.7% when only in vivo tests are considered, to 75.9% when including both in vitro and in vivo tests (Figure 1 ). Combining in vivo and in vitro testing lead to an average increase of around 15% in sensitivity over in vivo testing alone for eight studies performed in BLs allergic patients [16, 19, 20, 42, 45, [60] [61] [62] as well as for other drugs such as NMBAs [24, 48] , biological agents [34, 36] , pyrazolones [55, 56] or RCM [57, 58] (Figures 1 and  2b) . Regarding specificity, it was 91.8%.
It is interesting to note that in vitro tests, such as BAT, can produce positive results in IDHR patients who give negative STs; in fact 40% of ST negative patients with IDHR to BLs give positive BAT results [19, 42] ; this figure is around 12% for FQs [53] and 30% for pyrazolones [55, 56] . These results clearly indicate that the inclusion of in vitro tests complement the results of in vivo testing in the evaluation of IDHR, increasing the diagnostic sensitivity [24] . However, we must take into account that in this test we can found 1-10% false positive results.
T Cell-Mediated Reactions
The evaluation of cell-mediated DHR or NIDHR is more complex than for IDHR, mainly due to the heterogeneity of clinical symptoms. These differences in symptoms imply that although in most reactions T cells are involved, many other cell subpopulations are likely to play a critical role [41, 63] . It is therefore important to study and characterize effector cells and their corresponding inflammatory mediators.
Most of the in vitro tests used for evaluating NIDHR have as their main goal the assessment of the drug involved in the reaction. The idea is to reproduce the effector reaction in vitro by activating T cells and inducing the appropriate inflammatory and cytotoxic mediator release that will be determined by LTT, ELISpot or ELISA. Most currently available studies for evaluating these types of reactions include small numbers of patients and have included a heterogeneous mix of patients and culprit drugs, generally including BLs, anticonvulsants, local anesthetic and NSAIDs. Another important limitation of these studies is that in most publications, the diagnosis has been confirmed by clinical history and/or STs and did not include DPT. Therefore, we cannot know if a patient would react to the drug. This limitation is compounded by the low sensitivity of STs in this type of reaction [64] .
Lymphocyte Transformation Test (LTT)
This test is based on the determination of the lymphocyte proliferative response after stimulation with the specific drug [12] . This proliferation has classically been measured via the incorporation of tritiated thymidine ( 3 H) into the genome of proliferating cells and assessed by measuring the increase in radioactivity in a liquid scintillation counter system [38] . With advances in flow cytometry, the possibility of assessing proliferation by the serial dilution of a fluorescent molecule (carboxyfluorescein diacetate succinimidyl ester (CFSE)) into the cells has appeared, introducing the possibility of identifying the effector cells involved in the reaction [11] . However, there is a lack of studies comparing these two methods in terms of sensitivity and clinical value [17] .
We have analyzed the results of 13 studies [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] of LTT containing at least five patients. We calculated a mean sensitivity of 56.1% and a specificity of 93.9%, while PPV and NPV were 92.3% and 63.2% respectively (Table 3) . Higher values were found when evaluating studies including mild and moderate reactions [65] [66] [67] [68] [69] [70] [71] [72] , showing sensitivity and specificity values of 65.1% and 96.5% with PPV and NPV of 94.4% and 67.2%, respectively. However, these figures decreased when we only included severe reactions [73] [74] [75] [76] [77] , showing a sensitivity of 39.9%, specificity of 89.8% and PPV and NPV of 87.8% and 52.4%, respectively. These data suggest that LTT is better suited to evaluating moderate NIDHR compared to severe reactions, such as TEN and organ specific reactions [11, 12, 75] .
Moreover, some studies suggest that the sensitivity of the LTT for the diagnosis of NIDHR can be improved by including dendritic cells as antigen presenting cells [56, 68, 78] as well as other innate factors that where involved in the original reaction [79] .
Enzyme-Linked Immunosorbent Spot (ELISpot)
ELISpot determines the number of cells producing an inflammatory marker, such as relevant cytokines and cytotoxic markers, after their activation by the specific drug [80] . This method provides both qualitative and quantitative information and has demonstrated to be highly sensitive, enabling the detection of less than 25 secreting cells per 10 6 peripheral blood mononuclear cells [17, 38] . It has been increasingly used for the evaluation of effector cells in NIDHR over the last decades [67, 74, 77, [81] [82] [83] [84] . The six studies using ELISpot that have been included in this review are focused on BLs and/or anticonvulsants and measure the number of cells producing IFN-γ, IL-4, IL-5 or Granzyme B [67, 76, 77, [85] [86] [87] . Data showed a mean sensitivity of 61.2%, a specificity of 98.6, a PPV of 96.2% and a NPV of 59.1% (Table 3 ).
Flow Cytometry and Enzyme-Linked Immunosorbent Assay (ELISA)
Another approach for evaluating NIDHR after stimulation with the specific drug is by the determination of the cell activation and/or cytokines or cytotoxic production by either flow cytometry analysis of cells in culture or ELISA using the culture supernatants [72, 79, [88] [89] [90] [91] [92] . These methodologies have been used for determining IL-2, IL-5, IL-10 and IFN-γ [74, 93] . We have included four studies that contained over five patients [74, [93] [94] [95] , which found the mean sensitivity of these tests to be 66.6% and the specificity 87.5%, with PPV and NPV being 88.5% and 69.5%, respectively (Table 3) .
Combining In Vitro Tests for Evaluating Non-Immediate Drug Hypersensitivity Reactions (NIDHR)
Although the sensitivity of the above-mentioned tests for evaluating NIDHR showed a similar values ranging from 56.1 to 66.6% (Table 3) , it has been proposed that the combination of results from different assays could be useful [76, 77, 93] . Different combinations have been reported, including LTT and a panel of cytokines/cytotoxic molecules determined by ELISpot, flow cytometry and/or ELISA (using IFN-γ, IL-2, IL-4, IL-5, granzyme B and granulysin) [67, 74, 76, 77, 85, 93] . Here, we have calculated the sensitivity of the combination of the results from different tests including data from those studies that performed at least two different in vitro methods. Results show an increase in sensitivity, up to 79.1% when evaluating patients with both moderate and severe NIDHR to betalactams and anticonvulsants (Figures 3 and 4) . The specificity of the combined in vitro tests was 97.5% which is in the range of the specificity of individual tests (87.7-98.6%) ( Table 3) .
These data indicate that the combination of different in vitro tests could help better identify the culprit drug in these types of reactions. when combining in vivo and in vitro results (74.6%), this is because different studies have been included in each case. Most studies that included in vivo sensitivity data used LTT as the in vitro test, which is relatively less sensitive. Thus, more studies including either ELISpot or ELISA/Flow cytometry in combination with skin testing should be performed in order to obtain a more accurate estimate of sensitivity for the in vivo/in vitro evaluation of NIDHR. Regarding specificity, it was 97.8%. when combining in vivo and in vitro results (74.6%), this is because different studies have been included in each case. Most studies that included in vivo sensitivity data used LTT as the in vitro test, which is relatively less sensitive. Thus, more studies including either ELISpot or ELISA/Flow cytometry in combination with skin testing should be performed in order to obtain a more accurate estimate of sensitivity for the in vivo/in vitro evaluation of NIDHR. Regarding specificity, it was 97.8%. 
Combining In Vitro and In Vivo Tests for Evaluating NIDHR
We further analyzed the sensitivity of the allergological evaluation of NIDHR when the results of in vitro tests were combined with those obtained in in vivo (STs) tests and observed that it increases from 53.7% to 74.6% (Figures 3 and 4) . This is very important if we take into account that many of these reactions show severe symptoms and that in many cases in vivo testing cannot be performed.
Interestingly, the mean sensitivity of in vitro tests (79.1%) is higher than those we have obtained when combining in vivo and in vitro results (74.6%), this is because different studies have been included in each case. Most studies that included in vivo sensitivity data used LTT as the in vitro test, which is relatively less sensitive. Thus, more studies including either ELISpot or ELISA/Flow cytometry in combination with skin testing should be performed in order to obtain a more accurate estimate of sensitivity for the in vivo/in vitro evaluation of NIDHR. Regarding specificity, it was 97.8%.
Conclusions
DHR diagnosis is a complex and unresolved issue due to the low sensitivity of the different approaches and the possible risks associated with performing DPT, especially for severe reactions, both for IDHR and NIDHR. The data presented in this review indicate that current in vitro methods, although not sufficient by themselves, can be helpful in assessing IDHR and NIDHR, and have been shown to increase the overall sensitivity of the diagnostic procedure when combined with in vivo testing.
They show, in general, a low sensitivity that depends on the drug involved and for those evaluating NIDHR also on the clinical manifestation. The low sensitivity could be related to other factors such as the use of non-appropriate drug metabolite(s) or drug-carrier conjugates that hide the relevant epitopes.
Cellular test has shown similar values of PPV and NPV independently of the type of reaction, IDHR or NIDHR. Additionally, it is important to note that, although NPVs are not optimal, in vitro tests have shown a good specificity, which correlates with a high PPV indicating that they could reduce the number of false positive results and help to decrease the administration of alternative drugs that, as mentioned before, could be less effective and induce undesired side effects. On the other hand, the low sensitivity could have serious effects when falsely labeling a patient as non-allergic, especially for severe reactions.
There is certainly room for improvement in in vitro testing. Areas requiring attention include: characterizing the drug metabolites involved in the reactions and that are recognized by the immunological system; characterizing the effector immunological mechanism involved in order to determine specific biomarkers; and combining results from multiple in vitro and in vivo tests.
Further studies are needed that include a large number of patients and controls and that take into account the combination of in vivo and in vitro tests in order to evaluate the real added value of the latter and therefore the possibility of avoiding the performance of drug provocation tests.
